ABSTRACT: Buildings are always found to be in the vicinity of other buildings, especially in urban areas. This causes effluents released from stacks located on one of the buildings to re-enter the same or an adjacent building, generating potential health problems to the occupants of the building. Earlier, Computational Fluid Dynamics (CFD) has been used in simulating pollutant transport for isolated buildings, with only few studies examining the effects of adjacent buildings. In this paper three cases that include an isolated low-rise building (source), a taller building placed upwind of the source and a case with taller buildings placed upwind and downwind of the source were considered.
INTRODUCTION
Assessing pollutant concentrations in the built environment is challenging because of the complexity of airflow around a multiple building configuration. Assuming that pollutants are transported by the wind it would be expected that exhaust gases from roof top stacks are effectively diluted and acceptable concentrations for human health are reached at the ground level. However, when pollutants are released from roof stacks within an urban environment, they can be trapped in recirculation zones and may impinge on sensitive zones, for example the fresh air intakes, which are usually located at the sides of buildings. This polluted air may not just have the tendency to re-enter the building forming a closed circuit path known as re-ingestion, but can also affect an adjacent building located downwind or upwind of the emitting building (Wilson et al., 1998) . The resulting degradation of the indoor air quality is recognized as an important risk factor for human health such as respiratory diseases, heart and brain damage to the occupants of the building (Stathopoulos et al. 2004) . Unfortunately, the state of art has not been sufficiently advanced to allow building engineers to apply appropriate design criteria to avoid this problem for new construction or help alleviate it for existing buildings.
Currently, the techniques available to assess pollutant concentrations in the built environment include field measurements, wind tunnel tests, CFD and other semiempirical models such as ASHRAE 2007. A recent study found that most available semiempirical models such as AFTOX, SCREEN, etc. cannot be used for near-field pollutant dispersion problems (Hajra et al., 2010) . ASHRAE 2007 is used for isolated buildings and does not incorporate the effects of adjacent buildings .
Although wind tunnel and field studies are useful in predicting plume dilutions, time and financial constraints are two of the major disadvantages associated with them (Blocken et al., 2008) . CFD has been used by various researchers to study plume released from isolated buildings and results obtained for different Schmidt numbers (Sct) showed discrepancies (Tominaga and Stathopoulos, 2007) . Therefore, it is necessary to study the variations of this number (Sct) in pollutant dispersion studies, particularly in the presence of adjacent buildings, since most CFD studies have not included the effect of adjacent buildings.
The aim of the present study is to simulate pollutant dispersion within a multiple building configuration. In particular, the investigation is focused on the near field dispersion based on CFD using RANS equations and wind tunnel modelling. It should be noted that the "near field" concept used in this study involves the fluid mechanical interaction between two or three consecutive buildings. Different definitions of near field dispersion are available in the literature as the field study conducted by Dobre et al. (2005) where "near field" was the proximity of an urban intersection. In the present work three different configurations have been considered: a low-rise isolated building (emitting building), a taller building placed upstream of the emitting building and a third case involving a tall building placed upstream and downstream of the emitting building. Comparisons with wind tunnel results were made for validation purposes. CFD simulations were carried out using the Realisable k-ε model and the effect of different Sct on dispersion has been discussed. Literature field results from Stathopoulos et al. (2008) were also used for comparisons in some cases.
CFD SIMULATIONS
CFD is a useful tool for simulation of turbulent flow and pollutant dispersion around buildings. Commercially available FLUENT is one of the widely used tools incorporating several turbulence models (FLUENT Inc., 2003) . The present work used FLUENT version 6.2.16. Past studies have shown that the unsteady Large Eddy Simulation (LES) models have a better agreement with experimental results in pollutant dispersion problems. However, the computational cost associated with LES is about 100 times greater than that required by using the steady Reynolds-Averaged Navier Stokes (RANS) models (Cheng et al., 2003) . The effects of different turbulence models have been tested in previous pollutant dispersion studies, but definitive statements are not available in the literature. The reason is that turbulence models performance of flow around buildings is highly dependent on the application and mesh resolution (Franke et al., 2007) . However important observations concerning RANS k-ε have been noted by Tominaga and Stathopoulos (2009) . The Standard k-ε provides inadequate concentration fields due to the inaccuracy in reproducing of basic flow structure, for instance reverse flow on the roof. The RNG and Realizable models provide similar results and show much better agreement with experimental data. The present study employed the Realizable k-ε model since Fluent does not allow to modify the turbulent Schmidt number (Sct) for the RNG model (FLUENT Inc., 2003) .
Sct is necessary to solve the transport mass equation in CFD prediction of dispersion with RANS (Tominaga and Stathopoulos, 2007) and is defined as the ratio of turbulent momentum diffusivity (eddy viscosity) to the mass diffusivity (Sct=νt/Dt). In Fluent Sct must be declared as an input before any calculation or else the default value is 0.7. The current calculation selected Sct of 0.1, 0.3 and 0.7; because some previous studies have found good agreement between numerical and experimental results for tracer experiments involving isolated building, for these values (Blocken et al., 2008) .
Some researchers have also expressed Sct in terms of a ratio of the stability correction factor for mass and momentum flux (Flesch et al., 2002) . Turbulent Schmidt numbers have been measured in the wind tunnel by various researchers in the past (Koeltzsch, 2000 , Flesch et al., 2002 . Sct is considered constant in most CFD studies in pollutant dispersion and negligible changes in Sct were found with a change in atmospheric stability (Flesch et al., 2002) . However, tracer experiments carried out by Koeltzsch (2000) have confirmed a strong dependence of height within the boundary layer affecting the value of Sct. In the present study, Sct can be measured at the height 0.075m in the wind tunnel (representing a full-scale value of 15m) using formulations proposed in previous studies as shown in Table 1 . These formulations are empirical equations based on experimental results. Rotta (1964) developed his equation based on temperature distribution within turbulent boundary layer; Pruitt et al., (1973) used field measurements of wet and dry bulb temperature; Dyer and Bradley (1982) also conducted field measurements to determine flux gradient relationship; Hogstrom (1996) used previous field data to develop a new set of equations and Koeltzsch (2000) performed turbulent measurements of a horizontal plate in a wind tunnel. For all cases a single wind direction perpendicular to the building face was considered.
Dilution concentration measurements were carried out using receptors (4 upwind and 6 downwind the stack) located centrally on the rooftop of B1 (emitting building) and spaced 0.025m apart and 0.125m from the lateral edges, as shown in Figure 2 (a). For Case 3, 10 receptors were also placed along the windward wall of B3 starting at 0.004m from the ground. These receptors were located centrally, 0.025m apart starting at 0.075m from the ground. The stack location for all cases was 0.1m from the upwind edge of B1 and 0.125m from the lateral edges.
Normalized dilution
If a pollutant is discharged with a certain initial concentration, this concentration will be reduced as the pollutant travels within the atmosphere mixing with clean air. Then, dilution is defined as the ratio between the source concentration with measured concentration at a specific point. Therefore, the lower the measured concentration the higher the dilution value will be.
Since Fluent gives results in terms of concentrations, the following formulation, suggested by Wilson (1979) , was used to evaluate the normalized dilution:
is the dimensionless concentration coefficient at the coordinate location (receptor).
Ce = contaminant mass fraction in exhaust (ppm). Cr = contaminant mass fraction at the coordinate location (ppm).
Q is the flow rate at the exhaust (m 3 /s).
UH is the wind speed at the B1 height (H), in this case UH=6.1m/s (H=0.075m).
The gas used for the wind tunnel experimentation was Sulphur hexafluoride (SF6) and the momentum ratio at the stack outflow is M=Ve/UH (where Ve is the exhaust velocity). A mixture of SF6 and Nitrogen with a concentration of 10ppm was released from a simulated stack with full-scale equivalent heights of 1m and exhaust momentum M equal to 1 and 3.
For correct modelling of non-buoyant plume exhaust in the wind tunnel, Snyder (1981) suggests to respect the following criteria: a) Geometric similarity:
The geometry (shape) between full-scale and wind tunnel should be similar. 
e) Equivalent stack momentum ratio
Exhaust momentum (M) is defined as M = (ρe/ρa)(Ve/UH) where ρe and ρa are density of exhaust gas and ambient air, Ve is the exhaust speed and UH is the wind speed at the building height. According to Snyder (1981) the value of "M" in the full scale and wind tunnel has to be equal for accurate simulation of tracer gas studies. Generally for nonbuoyant plumes, the term (ρe/ρa) is omitted from the expression. For the present study the cylinder containing a mixture of SF6 and Nitrogen had 10ppm concentration of SF6 in it.
This implies that the gas released from the stack in the wind tunnel is practically Nitrogen (density near to the ambient air).
A multi-syringe pump was used to collect the gas samples to determine the were also done on the adjacent buildings, more precisely, on the leeward and windward walls of B2 and B3 respectively. SF6 gas was released from a tube connecting the mass flow controller and mass flow transducer regulating its flow from the stack. A Gas Chromatograph (GC) was used to assess the gas concentrations collected using the syringe samplers. Deviations in concentration measurements were usually within ± 10 % . The tracer gas was released from the stack on the top of B1
building, as shown in Figure 2 (a).
A power law exponent of 0.33 was used to determine the velocity at building height (UH). 
CFD model and boundary conditions
The numerical model was constructed principally using structured hexahedra grids since it has been proved that this mesh style provides the best computational results (Hefny and Ooka, 2009 ). Due to the circular section of the stack an unstructured wedge grid has been used in its vicinity. Three meshes (fine, medium and coarse) were produced changing the number of divisions of the circumference at the bottom of the stack and the number of elements at the edges of the isolated building, B1. The expansion ratio between two consecutive cells was limited to 1.25. The comparison of normalized dilution in a specific point in the space showed similar values between medium and fine mesh. Then, the medium mesh was selected for this study. The stack circumference was divided into 10 elements and the largest element around the buildings was 1m. The total number of cells was between 0.9 x 10 6 to 1.5 x 10 6 depending on whether it was an isolated building or a multiple building configuration. For this study the convergence criterion for all residuals was fixed at 10e -5 . Figure 2 Consequently, for the inlet a distance of 3H was adopted in order to minimize the development of streamwise gradients, as discussed in Blocken et al. (2007) . As with the experiment, a power law exponent of 0.33, which corresponds to a light urban terrain (Simiu and Scanlan, 1996) was used for the study. The velocity at the building B1 height was 6.1m/s. The turbulent kinetic energy profile (k) was calculated using k=0. If a taller building is added downstream, the recirculation zone in the wake of B2 is increased and more polluted air gets trapped within. In this case the entire leeward wall of B2 is polluted as it shown in Figure 6 (c). unsuitability for the present case. It is difficult to generalise a particular Sct in CFD due to the complex flow structure of pollutant transport and, therefore, the local flow characteristics must be considered before making a suitable choice of Sct (Tominaga and Stathopoulos, 2007) .
ASHRAE-2007 predicts very low dilutions (very conservative) at all receptors making it
necessary to re-visit its formulations. Additional details can be found in . Although, ASHRAE 2007 is based on wind tunnel experimental data the terrain roughness and turbulence generated due to local topography and buildings to assess plume dilutions have not been considered. Additionally, the plume rise equation of Briggs (1984) predicts low plume rise resulting in less plume spread along the roof of the building. Therefore, the dilutions predicted by ASHRAE are overly conservative.
Additional limitations include its inability to simulate rooftop structures and assessing dilutions on the wall of the adjacent building (see Hajra et al., 2010) . from the upwind edge of the building compared to CFD, which is conservative. Figure 9 (b) refers to the same case but considering M=3. Again it is noticed that Sct has much less influence on dilution prediction downstream the stack but remains important for predictions upstream the stack. CFD predicts higher dilutions than wind tunnel at Sct = 0.1 and underestimates dilutions compared to wind tunnel at Sct = 0.7. However, near the stack the behaviour is inverted. The results clearly indicate that the value of Sct has a great impact on the prediction accuracy of mass transfer, as reported by Tominaga and Stathopoulos (2007) . Therefore, a careful consideration of the flow characteristics is necessary to decide the appropriate value of Sct. -CFD provides information about vortices which are formed in the leeward and between buildings. Knowing where these vortices are and how they interact with the surroundings is essential to the better understanding of the pollutant dispersion within an urban area.
-The pollutant re-ingestion on the emitting building is highly possible due to the presence of taller buildings placed upstream and downstream. Re-ingestion can be also problematic on the windward wall of the downstream building, as well as on the leeward wall of the upstream building. 
